Previously, the protein kinase C (PKC) inhibitor sphingosine was found to stimulate phospholipase D (PLD)-mediated hydrolysis of both phosphatidylethanolamine (PtdEtn) and phosphatidylcholine (PtdCho) in NIH 3T3 fibroblasts [Kiss & Anderson (1990) J. Biol. Chem. 265, 7345-7350]. Here we examined the possible relationship between the opposite effects of sphingosine on PKC-mediated protein phosphorylation and PLD activation. After treatments for 3-5 min, sphingosine (25 /LM) and the PKC activators phorbol 12-myristate 13-acetate (PMA) (100 nM), bryostatin (100 nM) or platelet-derived growth factor (50 ng/ml) synergistically stimulated the hydrolysis of both PtdEtn and PtdCho in NIH 3T3 fibroblasts prelabelled with [14C]ethanolamine or [14C]choline. Inhibition of PMA-induced phospholipid hydrolysis could also be elicited by sphingosine, but this process required prolonged (60 min) treatments of fibroblasts with 40-60 /LM-sphingosine. Similarly to sphingosine, the protein phosphatase inhibitor okadaic acid also had either potentiating or inhibitory effects on PMA-stimulated PLD activity, depending on the length of incubation time and the concentration of PMA. Consistent with the presence of an inhibitory component in the overall action of PKC, the PKC inhibitor staurosporine and down-regulation of PKC activity by prolonged (24 h) treatment with PMA similarly enhanced PLD activity. Data suggest that (a) sphingosine may enhance PMA-mediated phospholipid hydrolysis by neutralizing the action of an inhibitory PKC isoform, and that (b) the stimulatory PKC isoform is less sensitive to the inhibitory action of sphingosine.
INTRODUCTION
Sphingosine has become the subject of intense investigation, primarily because of its ability to inhibit protein kinase C (PKC) [1] [2] [3] . Because PKC is a family of a variety of different isoforms with presumably different functions [4] , it is often not readily apparent whether a biochemical effect of sphingosine involved inhibition of PKC or not. Stimulation of phospholipase D (PLD)-mediated hydrolysis of phosphatidylethanolamine (PtdEtn) [5] and phosphVatidylcholine (PtdCho) [5, 6] in NIH 3T3 fibroblasts by sphingosine is a prime example of such uncertainty. Since these processes are also stimulated by the PKC activator phorbol 12-myristate 13-acetate (PMA), it would appear that stimulation of PLD activity by sphingosine and PMA cannot involve the same regulatory system, i.e. the PKC system.
However, sphingosine could enhance PLD activity by a PKCdependent mechanism if the overall stimulatory action of activated PKC on PLD activity involved an inhibitory component (in addition to a dominant stimulatory component) that is particularly sensitive to the inhibitory action of sphingosine. A variety of approaches, including down-regulation of PKC by prolonged treatment with PMA [7, 8] and treatment of fibroblasts with the protein phosphatase inhibitor okadaic acid [9, 10] or the PKC inhibitor staurosporine [11] , were taken in the present study to identify this hypothetical inhibitory component of the effect of PMA on PLD activity. Results suggest that the overall stimulatory effect of PMA on PLD activity indeed consists of stimulatory and inhibitory mechanisms, and that the inhibitory mechanism is more effectively inhibited by sphingosine than is the stimulatory mechanism. EXPERIMENTAL Materials PMA, sphingosine, sphingomyelinase (from Staphylococcus aureus) and Dowex-50W (HI form) were purchased from Sigma Chemical Co., St. Louis, MO, U.S.A.; platelet-derived growth factor (PDGF-BB; human recombinant) was from Boehringer Mannheim, Indianapolis, IN, U.S.A.; N-acetylsphingosine (C18/ C2 ceramide) was from Matreya, Pleasant Gap, PA, U.S.A., and was also provided by Y. A. Hannun [12] , and was provided by G. R. Pettit washed, incubated in fresh medium for 3 h (to decrease the level of water-soluble 14C-labelled phospholipid precursors [13] ), then harvested by scraping from 4-8 dishes. Because scraping transiently enhances cellular 1,2-diacylglycerol levels in NIH 3T3 fibroblasts (discussed in [14] ), we routinely inserted an additional 20 min incubation period between scraping and centrifugation (10 min at 500 g). A 30 min period is required for the return of cellular 1,2-diacylglycerol to the control level [14] . Resuspended cells were again washed, and then 0.25 ml portions [ (7) (8) x 105 cells/ml] were incubated (final vol. 0.25 ml) in the presence of 2 mm unlabelled ethanolamine or choline, as indicated, along with other agents as specified. Incubations were terminated by addition of 4 ml of chloroform/methanol (1:1, v/v). Phase separation was initiated by addition of 3 ml of water. Fractionation of choline and ethanolamine metabolites was performed on Dowex-5OW (HI)-packed columns (Bio-Rad Econo-columns; 1 ml bed volume) as described by Cook & Wakelam [15] for the choline derivatives, with minor modifications.
The initial flow-through (4.5 ml) along with a following 3.5 ml or 5 ml water wash contained glycerophosphoethanolamine or glycerophosphocholine respectively. Ethanolamine phosphate and choline phosphate were eluted by 15 ml and 20 ml of water respectively. Finally, ethanolamine and choline were eluted by 12 ml and 20 ml of 1 M-HCl respectively. Appropriate 14C-labelled standards were prepared as described previously [16] . For determination of the elution profiles of standards, 1 ml fractions were collected. The metabolites of ["4C]ethanolamine and ['4C]choline were further identified by t.l.c. [17] . Phospholipids were separated as described previously [18] .
Determination of sphingomyelinase-mediated sphingomyein hydrolysis NIH 3T3 cells were incubated with [U-14C]serine for 48 h, washed, and incubated in fresh medium for 3 h to decrease the amount of unincorporated free 14C radioactivity. Suspended cells were incubated with increasing amounts of Staphylococcus sphingomyelinase for 20 min. Ceramide, sphingosine and sphingomyelin were separated from other labelled phospholipids (phosphatidylserine and PtdEtn) on silica gel G plates in the solvent system chloroform/methanol/2 M-NH3 (40: 10: 1, by vol.) as described by Okazaki et al. [19] . Sphingomyelin was further identified by two-dimensional t.l.c. as described previously [18] . (Table 1) . We have determined previously [5, 16] that these concentrations of sphingosine and PMA are optimal for the stimulation ofPLD-mediated hydrolysis ofphospholipids. Importantly, at this early time point sphingosine and PMA had synergistic stimulatory effects on the hydrolysis of both PtdEtn and, to a lesser extent, PtdCho ( Table 1) .
RESULTS

Combined
The experiment shown in Table 1 At longer incubation times (7.5-30 min), the synergistic effects of sphingosine and PMA showed either a decreasing tendency (PtdEtn hydrolysis; 
Enhancement of bryostatin-and PDGF-stimulated phospholipid hydrolysis by sphingosine
Bryostatin is another activator of PKC [20] [21] [22] [23] , which also stimulates PLD-mediated phospholipid hydrolysis [17] . As shown in Table 2 , bryostatin and sphingosine had clear synergistic stimulatory effects on the hydrolysis of both PtdEtn and PtdCho when incubations were conducted for 10 min or less. When the incubation period was extended up to 20-30 min, these agents had only additive (20 min) or less than additive effects (30 min) (results not shown).
Recently the mitogenic peptide PDGF was shown to stimulate PtdEtn hydrolysis in NIH 3T3 fibroblasts [24] . In the present work, the stimulatory effects of PDGF and sphingosine on PtdEtn hydrolysis were clearly more than additive at a short (3 min) incubation time (Table 3) . Again, after longer (10-20 min) incubation periods, the stimulatory effects of PDGF and sphingosine were only additive (10 min) or less than additive (20 min) (results not shown).
If the delayed inhibition of PMA-induced hydrolysis of phospholipids by high concentrations of sphingosine involved inhibition of PKC activity, it is difficult to explain the rapid stimulatory effects of lower concentrations of sphingosine. Since in the human epidermoid A431 cell the stimulatory effect of sphingosine on phosphorylation of the epidermal-growth-factor receptor is apparently mediated by ceramide [25] , an agent which does not inhibit PKC activity, we next examined whether ceramide can also mediate the effect of sphingosine on phospholipid hydrolysis in fibroblasts.
Comparison of the stimulatory effects of sphingosine, sphingomyelinase and C18/C2 ceramide on the hydrolysis of PtdEtn
To determine the possible role of ceramide in mediation of the effect of sphingosine on PtdEtn hydrolysis, the cellular level of ceramide was raised by either sphingomyelinase or the cellpermeant ceramide analogue C.8/C2 ceramide. As shown in Fig.   3 , addition of 250-400 m-units of sphingomyelinase/ml to NIH 3T3 fibroblasts (labelled with ['4C]serine until radioisotopic equilibrium was achieved) for 20 (Fig. 3) .
Despite the ability of sphingomyelinase (250-400 m-units/ml) to raise the cellular content of ceramide 3-3.3-fold, these concentrations of sphingomyelinase enhanced the formation of ['4C]ethanolamine from the prelabelled PtdEtn pool only about 1.7-fold at most (Fig. 4) . Similarly, /,M concentrations of .S°-; <, E xQ 60 (Fig. 5a) , and it also experiments with okadaic acid could provide only limited information, because of the possible co-existence of the stimulatory and inhibitory effects of protein phosphorylation, and because of the fact that some protein phosphatases are not inhibited by 2 /zM-okadaic acid [9] . To have more information on the possible role of protein phosphorylation in the regulation of PLD activity by sphingosine, we next compared the effects of sphingosine with that of staurosporine, another PKC inhibitor [11] , in untreated fibroblasts and in fibroblasts in which PKC activity was downregulated.
Comparison of the effects of staurosporine, PMA and sphingosine on PLD activity in untreated and PMApretreated fibroblasts
Addition of staurosporine to [14C]ethanolamine-labelled fibroblasts resulted in about 2-fold stimulation of PtdEtn hydrolysis (Fig. 7a) . Importantly, staurosporine failed to enhance further the effect of sphingosine, suggesting that stimulation of PLD activity by these agents involved a common mechanism. In addition to its stimulatory effect, staurosporine also decreased the stimulatory effects of PMA and PMA plus sphingosine (Fig.  7a) .
Prolonged (24 h) pretreatment of fibroblasts with 300 nM-PMA, an established procedure to down-regulate PKC activity in fibroblasts [7, 8] , also enhanced PtdEtn hydrolysis about 2-fold (Fig. 7b) . In PMA-pretreated fibroblasts, staurosporine or PMA had no additional stimulatory effects (Fig. 7b) . In contrast, whereas enhanced PLD activity in PMA-pretreated cells was accompanied by a corresponding decrease in the fold stimulatory effect of sphingosine, this agent still stimulated PtdEtn hydrolysis about 2-fold (instead of 4-fold) in these cells (Fig. 7b) . . Although it appears that sphingosine may act on the hydrolysis of these phospholipids in a somewhat different time-and concentration-dependent manner which merits further investigation, this consideration is beyond the scope of this investigation. What we want to stress here is the inability of sphingosine to inhibit PMA-induced PLD activity at earlier incubation times, which raises the possibility that stimulation of PLD activity by PKC activators may not involve a protein-phosphorylation reaction. Previous observations from our and other laboratories support this possibility. Thus we observed [17] that addition of PMA to membranes from HL60 cells maximally stimulated PLD activity in the absence of added ATP. Also, most recently, Conricode et al. [26] demonstrated that, in lung fibroblast membranes, regulation of PLD activity by PKC does not involve a protein-phosphorylation reaction.
If one accepts the idea that a protein-phosphorylation reaction is not involved in the regulation of PLD activity, then it becomes difficult to interpret the inhibitory effect of staurosporine on PMA-induced phospholipid hydrolysis, which appears to inhibit PKC activity through the catalytic site [11] . However, staurosporine was shown both to activate and to inhibit a number of different serine/threonine and tyrosine kinase activities [27, 28] . Thus staurosporine is a considerably less specific inhibitor of PKC than is sphingosine. Because of these diverse effects of staurosporine, the present data cannot be taken as evidence that inhibition of PMA-induced PLD activity was directly due to the inhibition of PKC-mediated protein phosphorylation. Staurosporine has been shown to induce association of PKC with membranes [29] . This process, if it also exists in NIH 3T3 fibroblasts, could lead to increased down-regulation of a stimulatory PKC isoform in membranes. Alternatively, staurosporine may selectively promote translocation of an inhibitory PKC isoform, resulting in decreased stimulation of PLD activity by the stimulatory PKC isoform.
Although the above possibilities merit further investigation, on the basis of available data it is not possible to rule out completely the possibility that positive regulation of PLD activity by PKC involves a protein-phosphorylation reaction. Thus one cannot ignore the fact that under certain conditions okadaic acid enhanced, even if only slightly, PMA-induced phospholipid hydrolysis. Furthermore, in a previous study [30] , we observed that addition of PMA to membranes isolated from ras-or raftransformed fibroblasts enhanced phospholipid hydrolysis in an ATP-(and GTP)-dependent manner. Accordingly, it is possible that PKC can positively regulate PLD activity by both phosphorylation-dependent and -independent mechanisms, and that the inhibitory effect of sphingosine was due to the inhibition of the former process.
In contrast with the inhibitory effects of sphingosine, the stimulatory effect of sphingosine on PLD activity, as well as its potentiating effects on PMA-, bryostatin-and PDGF-stimulated phospholipid hydrolysis, occurred rapidly. Several observations, in this and a previous study, suggest that the stimulatory effects of sphingosine are composed of two different mechanisms. Thus we have reported previously [31] that the lipid-peroxidation product 4-hydroxynonenal specifically inhibited the effect of sphingosine, but not that of PMA, on phospholipid hydrolysis. This indicates that sphingosine is likely to have a PKCindependent action on PLD activity (mechanism 2). This is supported by the present finding that the effect of sphingosine was only decreased, but not abolished, in fibroblasts in which PKC activity was down-regulated.
On the other hand, even maximally effective concentrations of 4-hydroxynonenal inhibited the stimulatory effect of sphingosine by only about 600% [31] , which leaves open the possibility that sphingosine may also utilize a PKC-dependent mechanism to stimulate PLD activity (mechanism 3). Involvement of a PKC isoform in the stimulatory action of sphingosine is possible only if this isoform negatively regulates PLD activity, and if it is (at least) partially active in fibroblasts. The following evidence collectively suggests that this may be the case. (a) Staurosporine and down-regulation of PKC activity by PMA pretreatment enhanced similarly and in a non-additive manner the activity of PLD; these effects were also non-additive with that of sphingosine. (b) The protein phosphatase inhibitor okadaic acid [9, 10] inhibited PLD activity in the control, but not in the PMApretreated cells, in which PKC activity was down-regulated.
Since PMA may well enhance the above inhibitory component, as indicated by the ability of okadaic acid to inhibit the overall stimulatory effect of PMA, potentiation of the stimulatory effects of PKC activators by sphingosine could be due to the inhibition of this inhibitory component. However, further work is required to prove finally that regulation ofPLD activity by PKC activators indeed involves a negative regulatory component which is particularly sensitive to the inhibitory effect of sphingosine.
Work from several laboratories indicates that phosphatidic acid, the primary product of PLD action, is a mitogen in fibroblasts and other cells lines [32] [33] [34] [35] [36] [37] [38] . In addition, sphingosine potentiates the mitogenic effects of PMA and a number of growth factors [39, 40] , and it also enhances the effect of PMA on the formation of phosphatidic acid [40, 41] . In fact, phosphatidic acid has been proposed to mediate the co-mitogenic effects of sphingosine [40] . On the basis of these data, it appears that negative regulation by a PKC isoform might serve to prevent extensive formation of phosphatidic acid through the action of PLD, and that the co-mitogenic effect of sphingosine may derive, at least partly, from its ability to release the phospholipidhydrolysing system from such inhibition.
